We describe a technique for the quick and simple assessment of doped optical materials for use as laser gain media. To demonstrate this technique, referred to as Rapid Thermo-Optical Assessment (RTOA), we analyze a set of ceramic and crystalline Yb 3+ :YAG samples. RTOA is based on Shack-Hartmann wavefront sensing and thermal lensing to evaluate the media's thermal response, giving a relative overall quality assessment of the material. The technique is also broadly applicable to optical media considered for high power or thermal loading conditions, and useful for the refinement of fabrication methods. Energy transfer in luminescent yttrium aluminum-yttrium iron garnet solid solutions," J. Appl. Phys. 66(7), 3207-3210 (1989). 28. A. K. Cousins, "Temperature and thermal stress scaling in finite-length end-pumped laser rods," IEEE J.
Introduction
High-power pulsed and CW lasers are used in many industrial, scientific, and military applications [1] [2] [3] . The high fluences encountered in these systems lead to thermal distortions in intra-and extra-cavity optics, which can degrade laser performance, potentially causing catastrophic damage [4] . It is critical to ensure that the optical media employed in high power laser systems exhibit the minimum possible distortion under high optical loads, and therefore necessary to have analysis techniques for evaluating and selecting such materials.
Various methods already exist for assessing optical material quality, with high quality being defined here as an absence of impurities that contribute to additional thermal loading. To determine the suitability of material as laser gain media, a common method of assessment is to characterize a sample's performance directly in a laser cavity. This method is straightforward; however, it requires complete fabrication and optical coating of the sample, as well as assembly and alignment of the laser cavity [5] . So while it offers a complete picture of sample suitability, it is relatively costly and time consuming. Other methods of analysis that offer quantitative evaluation of specific material properties include: photothermal commonpath interferometry (PCI) [6] [7] [8] , various thermal lensing techniques [9] [10] [11] including mode-mismatched thermal lens spectrometry [12, 13] , emission and absorption spectral measurements [14, 15] , x-ray diffraction [4] , calorimetry [16] , interferometric measurement [17] , and fluorescence lifetime measurement [14, 18] . And while these techniques can offer absolute measurements of certain materials parameters, none of them offer an integrated picture of the overall material quality. The thermo-optical characterization technique described herein, referred to as Rapid Thermo-Optical Assessment (RTOA), is a repeatable and highly sensitive measurement technique that can be used to quickly establish an integrated picture of a sample's overall quality in terms of thermal distortion. This technique does not require any a priori knowledge of specific material thermo-mechanical properties or the use of a quantified reference sample. Its simple experimental setup consists of a powerful CW pump beam to heat the samples, and a low power probe beam for Shack-Hartmann Wavefront Sensing (SHWFS) measurements. The measured thermal lensing can be used to rank a samples relative to others of its type, and be cross-referenced as needed against an ideal model i.e. one that assumes no impurities. The extent to which the sample's thermal response deviates from its model can be taken as a direct indication of its overall thermo-optical quality, and/or a process of elimination can be performed based on the ranking of a sample set.
RTOA is unique in that it offers an overall sample quality measurement while employing a simple experimental set up. Both PCI and RTOA can be used to evaluate a wide variety of material types, but RTOA offers integrated quality measurement without a complicated interferometric set up. The powerful thermal lensing technique outlined by Chenais et al. [10, 11] , in contrast to RTOA, can be used to measure a variety of material properties in absolute terms. However, it also has a more complex experimental setup than RTOA, including a laser cavity, and its overall accuracy is dependent upon its cavity mode and probe beam being the same size in the test sample. The experimental set up and analysis method defined as RTOA was developed from a series of prior works [19, 20] which evolved into the robust and repeatable methodology presented herein.
To the best of the authors' knowledge no technique comparable to RTOA currently exists, either with respect to its particular experimental and analytical methodology, or in terms of its simple measurement of thermal response for high optical-loading applications. It is versatile in that either a single sample can be compared to its ideal model, or a set of samples can be ranked in terms of quality with high precision. RTOA is not only useful for the end user of optical materials, who designs and builds optical systems, but also, and especially, for the materials scientist who fabricates optical ceramics, allowing for swift troubleshooting and improvement of fabrication methods and materials.
As a demonstration of the capabilities of RTOA, thermally-induced distortions were measured in a set of 13 laser-grade ceramic and single-crystal Yb:YAG samples. Opticalquality ceramic laser materials are an excellent subject for RTOA because of their many uses in high power applications [21] , and because they are sensitive to different fabrication methods and starting materials [22] [23] [24] [25] . For example, when the starting materials for the fabrication of ceramics are 99.99% pure, impurities of 0.05-0.08 wt. ppm have been observed [18] , which is enough to degrade thermo-optic properties. Here we demonstrate that the RTOA technique has sufficient sensitivity to be able to detect both large and small variations between samples, and to determine the overall sample quality.
Yb:YAG samples and RTOA experimental setup
A total of 13 ceramic and crystalline Yb:YAG samples were examined for this study. All samples are thin circular Yb 3+ :YAG disks (Table 1 ) with similar surface polish (scratch-dig: 20-10, parallelism: ≤ 5 arcsec, surface quality: λ/10). The samples originated from 4 different sources, including both single crystal and polycrystalline material, thus representing different starting materials and processing techniques. There is some variation in sample diameter and thickness, and to a small extent dopant concentration; the effects of these differences are addressed in subsequent sections.
During testing, each sample was held in a water-cooled aluminum mount, Fig. 1 , maintained at 13°C. The water cooling was important as it allowed the samples to reach a thermal equilibrium by maintaining the sample edge at a constant temperature. The mount consisted of two aluminum plates with equivalent clear apertures that clamp the target samples at their periphery, with a pair of plates matched to each sample diameter. This arrangement also provided mechanical stability and repeatability by ensuring that each sample was centered on the same location.
A 940 nm high-power fiber-coupled diode was used to heat the samples at a 30° angle of incidence, and was focused to a ~2 mm diameter spot in the center of the sample. To ensure centration of the pump in each sample, once the pump beam was aligned to the center of the mount, no changes were made to mount position or beam alignment, which allows measurements to be performed quickly with good experimental uniformity. The pump spot size was selected to be smaller than the clear aperture of the samples in order to reduce the impact of the radial variation on the measurements, as well as to reduce any potential variation in boundary conditions created by the clamping of the mount. While it is useful to have the pump spot be small to reduce these effects, the absolute pump spot size is less important than its consistency of size across all samples. A 30 mW probe beam centered spectrally at 1080 nm was delivered by a fiber-coupled diode. The wavelength of the probe was selected to offset the probe spectrally from the pump and allow for filtering of the pump light with a bandpass filter, preventing pump light from affecting the measurements. Yb:YAG also has a low absorption coefficient at 1080 nm, which, combined with the low power of the probe, ensures that it has a negligible contribution to the thermal load. The probe was collimated to a ~15 mm diameter spot size and transmitted through the sample onto the SHWFS (Imagine Optic HASO First). This size matched the clear aperture of the smallest samples and was kept at this size for all samples for maximum consistency. The induced wavefront distortion was measured in steps of applied pump power, from 1 to 30 W incident on the sample.
Thermal lensing measurements
Wavefront distortion measurements were taken when thermal equilibrium was established. The resulting wavefront distortions measured were nearly cylindrical, owing to the circular symmetry of the samples, the heat transfer boundary conditions, and the isotropic and cubic symmetries of the polycrystalline and single-crystalline samples respectively. An example of a typically wavefront distortion is shown in Fig. 2 .
The resulting shape of the radial thermal profile is dominantly quadratic in nature, both in and immediately surrounding the pumped region. Outside of the pumped region the temperature drops off logarithmically towards the cooled outer boundary. Consequently, the feature of primary interest in the induced wavefront distortion was the average accumulated quadratic phase perturbation, which is associated with the formation of a thermal lens. The radius of curvature of the measured wavefront was used to calculate the focal length and dioptric power of the thermal lens. A wide range of slopes is observed for the full set of samples. The thermal response of the samples is characterized in terms of their slope, in units of dioptric power per unit of optical pump power, D/W. The differences in the thermal response of the samples (or slope) are interpreted as a variation in the quality of the sample material; and a larger slope value indicates a greater (undesirable) thermal response. All the samples are ostensibly the same material after a correction for their 0.2% variation in dopant concentration. Thus, the variation of their thermal response indicates that there are differences amongst the samples in terms of: 1) absorption at the pump wavelength, 2) the extent to which non-radiative relaxation pathways are present, and 3) the materials' thermal conductivity. These variations are most likely caused by differences in the starting materials or the fabrication methods used by the manufacturers.
In relative terms, it was found that the crystalline materials were the best performers of this particular sample set, with Sample 13 being the lowest performing sample, and Samples 5 and 6 being the best. Due to the dramatic response of Sample 13, testing was stopped short of the full 30 W in order to avoid possible fracture damage to the sample. It should also be noted that samples originating from the same source are grouped closely in slope values, indicating a level of self-consistency in the fabrication process for a given manufacturer. If samples from a given source were not closely grouped, the lack of selfconsistency would indicate issues with the production quality. As such, one additional application of this technique is to provide a measure of repeatability and reliability of an established fabrication process. One possible cause of the observed sample variation is the presence of either chemical impurities or phase impurities in the samples. And such impurities sometimes manifest as spectral absorption features. To determine if any impurities would be apparent, all samples were measured with a spectrophotometer (Agilent Cary 500) from 200 to 2200 nm. After performing a baseline correction, the extinction coefficient (extinction per unit length) was calculated from the transmission measurements.
Sample transmission spectra
All samples had the characteristic Yb 3+ absorption features from 800 to 1100 nm and there was no significant variation amongst the samples in this spectral range. The only region where notable differences were apparent appeared near 255 nm, which presented itself as a hump in the extinction coefficient, Fig. 4 and is particularly notable in Sample 13. The most likely cause of this feature is Fe 3+ contamination, which is known to affect material behavior in the UV [26, 27] and is a common component of equipment used for fabricating ceramics. The correlation between this extinction feature and the measured thermal responses of the samples is discussed in the following section.
Thermal lensing model and analysis
An analytical model of the thermal lensing was developed in order to address all sample variations, including radial differences, which allowed for a direct comparison between samples. The thermal response of the sample is defined by a linear fit of the sample's distortion as a function of incident power (D/W). While the linear fit is a good approximation for the behavior of all samples (R 2 ≥ 0.995), Sample 13 exhibits a slightly non-linear response. However, when fitted with a line it has an R 2 of 0.995, and for the purposes of this analysis a linear approximation is used.
In the model, the ideal thermal responses of the samples (assuming no impurities) were analytically generated so that the deviation of the samples from their ideal response could be quantified in terms of Δ(D/W). Here Δ(D/W) represents the difference between a sample's modeled thermal response and its experimentally measured uncorrected thermal response, each in units of D/W.
The thermal profile of each sample was generated based on ideal material parameters, sample dimensions, and the experimental conditions (pump intensity, spot size, and cooling). The expressions used for generating the thermal profile are outlined in [28] . A simplifying assumption was made that all heat flow in the sample was radial, with no thermal variation along the direction of propagation. Solely for the purpose of validating this assumption, a COMSOL numerical model that used no simplifications was generated for several samples. Less than 1% variation was found between the two approaches, validating the assumption of radial-only heat flow for our set up.
The unheated region of the sample, which drops logarithmically in temperature from the heated region to the sample edge, does not significantly contribute to the thermal distortion. Consequently, the thermal lens can be represented solely by the parabolic term which describes the thermal profile of the pumped region and its immediate area. This quadratic term was found by performing a parabolic fit to the heated region of the thermal profile, and was substituted into the standard thermal lensing model outlined by Koechner [29] to find the theoretical effective focal length of the induced thermal lens. All materials parameters used in the model were taken from prior literature [10, [29] [30] [31] , excepting the thermo-optic coefficients for the ceramics, which were calculated using the Hill approximation [32] , and a plane stress approximation for the longitudinal pumping of the samples (Table 2) . Some variation in materials parameters exists in the literature, but because RTOA is a relative technique, the exact value used for a given property is of less importance than its consistent application. The predictions of the model were compared to the results of each sample, four examples of which are shown in Fig. 5 ; note that the model values are compared to the raw, uncorrected experimental values of the measured thermal lens. The extent to which the experimental data deviates from its modeled ideal, Δ(D/W), is different for each sample. It is beyond the scope of this work to determine a specific cause for the observed deviation, but it likely corresponds to the presence of impurities such as Fe 3+ , silicon [7] (which is often used as a sintering aid), or oxygen vacancies resulting from insufficient annealing of the ceramics. Fig. 6 . The correlation coefficient of this plot is 0.744, and excluding Sample 13 which is a clear outlier, the coefficient becomes 0.804. It is important to emphasize that this correlation is drawn between experimental values that are corrected for sample thickness and dopant concentration but not radius, as shown in Fig. 3 , and the deviation of the raw, uncorrected values from their respective models, as shown in Fig. 5 . This strong positive correlation indicates that under these experimental conditions, the radius of the sample plays only a small role in the samples' thermal response. This is because the corrected thermal response values do not account for radial variation and the deviation values do. It also indicates that both methods for quantifying sample response are roughly equivalent, showing both the sensitivity of the measurement and confirming the validity of the model assumptions.
Another interesting correlation is found when the extinction coefficient values at 255 nm are plotted against the samples' thermal response (D/W). A strong positive correlation is observed, in Fig. 7 , with a correlation coefficient of 0.865. Three samples (4, 7 and 8) are slightly offset from the general trend, an anomaly we believe is due to increased scattering in these particular samples. This strong correlation indicates that the impurity associated with the 255 nm extinction feature is a dominant factor in the samples' thermal distortion, but that there exist other factors which are contributing to varying extents. Use of supportive measurements, such as transmission spectra, can be instructive in materials assessment, but are not a substitute for thermal testing with RTOA. While there is a clear correlation between the 255 nm extinction feature and poor thermal performance of the samples, it is not possible to definitively state causality between the two. It is also possible for flaws to exist in a material which may not be visible on a transmission spectrum, which is why transmission spectrum alone cannot be used to determine thermal performance. Further, the correlation with the 255 nm extinction feature in YAG materials may not be applicable to other laser materials. This is what makes RTOA such a powerful technique: it can yield an integrated assessment of material quality by applying a thermal load that is analogous to the sample's prospective operating conditions, as opposed to extrapolating sample behavior from individual measurements of material parameters. 
Conclusions
We described herein the Rapid Thermo-Optical Analysis (RTOA) technique for assessing sample quality of laser host media using SHWFS, cross-referenced with analytical modeling of the samples' thermal response. The technique was demonstrated by inducing and measuring thermal lensing in a set of 13 Yb 3+ -doped ceramic and crystalline YAG samples, which allowed for a relative comparison of sample quality. The deviation of the samples from their ideal thermal response was also calculated. A strong positive correlation (0.804) was noted between the corrected experimental thermal response (D/W) and the model deviation Δ(D/W) of the samples, which validated the model and demonstrated the sensitivity of the measurement technique.
The presence of an extinction feature in sample transmission at 255 nm was also noted to have a high correlation with the experimental thermal response. This indicates that an impurity (possibly Fe 3+ ) absorbing at 255 nm is, or is linked with, the dominant cause of decreased thermal performance. When combined with other measurement techniques in this way, RTOA can be used to determine the extent to which a particular feature affects the overall material quality and thermal response.
RTOA is a simple and powerful technique that can be used to yield a fast and repeatable metric for the combined sum of material quality, with no reference materials. A single sample can either be compared to its ideal modeled behavior, or it can be ranked relatively within a set of samples. And while this demonstration was performed using doped materials, it is broadly applicable to many types of optical media, including undoped media, which are of use in high power optical systems. To the best of the authors' knowledge, no other technique exists which possesses RTOA's simplicity of experimental set up combined with its thermal modeling methodology. By using RTOA, the best optical materials can be quickly selected for processing, and ceramic fabrication methods can be easily refined in order to improve material quality.
